Chemical Communication among Animals 
Epwarp O. Witson AND WILLIAM H. BOSSERT 


The Biological Laboratories, Harvard University, Cambridge, Massachusetts 


I. Introduction 


The study of communication among animals by means of the transfer 
of chemical substances has expanded in the past few years into a new dis- 
cipline, attracting the cooperative attention of a growing corps of animal 
behaviorists, neurophysiologists, endocrinologists, and organic chemists. 
The subject is sufficiently developed to bear at this time not only a general 
review, but a start at quantitative theoretical analysis. 

Karlson et al. (66, 67) offered the term pheromone for the somewhat 
awkward, seli-contradictory ectohormone of Bethe (7), and restricted it 
to embrace the set of substances used in intraspecific communication. These 
authors made a useful distinction between olfactorily and orally acting 
pheromones, with the assumption that most of the former cause immediate 
behavioral responses; i.e., are “chemical releasers” in the terminology of 
the ethologist, whereas the latter produce their primary effects on the endo- 
crine and reproductive systems. The best examples of orally acting phero- 
mones are the caste-determining and reproduction-inhibiting substances 
of the social insects. Here the principal question before us concerns the 
physiological mechanisms through which the pheromones act. Liischer’s 
work (79, 80, and contained references) has proved that caste inhibition 
is effected via the endocrine system, but from this and similar studies 
on honey bees (20, 21) and ants (8), it is still not known whether the 
endocrine system is controlled via the nervous system activated by gustatory 
chemoreception or directly by absorbed pheromone molecules. In the case 
of the honey bee, Butler (20) has shown that at least one inhibitory substance 
distinct from the orally ingested “queen substance” (9-ketodec-2-enoic acid) 
is perceived olfactorily. Loher (78) has established the presence in adult 
gregarious-phase, male locusts (Schistocerca gregaria) of a volatile epidermal 
secretion which accelerates the maturation of young locusts. The substance 
is perceived at least in part by antennal olfaction. The picture is further 
complicated by the recent discovery of olfactorily acting pheromones which 
alter reproductive physiology in mice without inducing immediate be- 
havioral responses (91). 

The above considerations require a somewhat new way of viewing phero- 
mone action. We propose to distinguish the releaser effect, involving the 
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classical stimulus-response mediated wholly by the central nervous system, 
from the primer effect, in which the endocrine and reproductive (and 
possibly other) systems are altered physiologically (see Fig. 1). In the 
latter effect, the body is in a true sense “primed” for new biological 
activity. The alteration, which of course requires more time than the re- 
leaser effect, may lead in a few cases to behavioral responses induced 
in vacuo by internal stimuli. But, as a rule, new external stimuli following 
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Fic. 1. The pathways of influence of pheromone action, The pheromone may be the 
primary stimulus causing a quick behavioral response (releaser effect), or it may act 
more slowly and indirectly by altering the physiology and “priming” the animal for a 
different behavioral repertory (primer effect). In the latter case behavior is usually 
induced not by the pheromone, but by accessary external stimuli, such as those received 
during courtship or parent-young interaction, The CNS-endocrine-reproductive activity 
pathway occurs in mammals. Other pathways, such as the shorter endocrine-to- 
reproductive activity pathway, or even a direct alteration of reproductive physiology 
by the pheromone, are possibilities not yet exemplified. 
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the priming are required to release the altered behavior patterns. It is 
quite possible for the same pheromone to be both a primer and a releaser; 
eg., 9-ketodec-2-enoic acid, which inhibits worker ovary development (20), 
inhibits queen-cell building by workers and attracts males during the nuptial 
flight (48). Our rather limited knowledge of the primer pheromones has 
been explained competently by the authors cited in the previous paragraph. 
The following account will deal mostly with the problems of communication 
by the releaser effect. 


II. General Characteristics of Chemical Transmission 


It is conventional to emphasize the limitations of a chemical communica- 
tion system (82), but this has been largely due to our long-standing igno- 
rance of the subject. In the discussion of certain characteristics of the system 
to follow later, it will be seen how some are remarkably advantageous. In 
another section it will be further shown that information in a simple phero- 
mone system can be multiplied by relatively slight physiological and be- 
havioral modifications. 


A. MINIMUM POTENTIAL THRESHOLDS OF RESPONSE 


Certain recent estimates of response threshold concentrations are sur- 
prisingly low. Schutz (101) found that the alarm substances of some fish 
species are effective in dilutions up to one volumetric part in 2 X 10"; 
a fragment of skin weighing 2 ug., and thought to contain on the order 
of 10-3 ug. of the Sckreckstoff, was enough to disperse a school of minnows 
(Phoxinus laevis) from a feeding place. In field tests Jacobson eż al. (63) 
recorded responses of the male gypsy moths (Porthetria dispar) to as little 
as 10-7 ug. of pure sex attractant. But even this minute quantity is probably 
far above the true threshold. Butenandt and Hecker (16, 17) obtained 
positive behavioral responses from male silkworm moths (Bombyx mori) 
from samples of pure female natural sex attractant diluted to 10-1 pg. 
per cubic centimeter (cm.?) of petroleum ether and presented in a film 
on the tip of glass rods 1cm. from the male’s antennae. The material, 
solvent plus solute, on the glass rod is given as about 0,01 cm’. It can be 
therefore roughly estimated that only 2600 molecules were presented. If 
these diffused through a sphere of l-cm. radius, the concentration at the 
edge of the sphere can be shown to be no more than 192 molecules per 
cubic centimeter of air (12). Very likely the real threshold concentration 
is lower. Butenandt and Hecker (17) have synthesized a geometric isomer 
of the attractant which is effective in the same test when diluted to 10-1. 
Probably no more than one or several molecules of this substance suffices 
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to activate the moth. This seems more plausible when the lowest recorded 
figures for vertebrates are considered: 1700 molecules of butyric acid per 
cubic centimeter of air for the Alsatian dog (87, 88); and 1770 molecules of 
a-phenylethanol per cubic centimeter of water for the eel Anguillula anguil- 
lula (109), 

One may reasonably conclude from these estimates that as few as several 
molecules of an appropriate substance are enough to fire a chemoreceptor 
cell. In fact, Neuhaus (87, 88) has deduced that just one molecule of butyric 
acid is enough to induce a response in the Alsatian dog. DeVries and Stuiver 
(40) have shown that at most 8 molecules of secondary butyl mercaptan 
are needed to fire one human olfactory cell, and as few as 40 are needed 
to cause a human subject to sense the odor consciously. 

The great potential efficiency of olfactory communication can be illus- 
trated by further considering the case of the Bombyx mori sex attractant. 
Butenandt and his associates (17) obtained 12mg. of bombykol esters 
from the equivalent of 250,000 Bombyx females, a yield quite comparable 
to the 20 mg. of attractant obtained from 500,000 females of Porthetria by 
Jacobson eż al. In the case of Portheżria the efficiency of yield very likely 
exceeded 50% (5). Thus a female Bombyx contained at a given instant 
in time at least 10—? ug., or about 10% molecules, and probably an amount 
not much greater than this. If 200 molecules is taken as the threshold 
quantity to release the male response (it is possibly less), we can see that 
the minute trace of attractant in a single average female is still enough 
to draw a response from over 10" males, certainly far more than exist at 
any one time. Looked at in a somewhat more realistic way, this amount 
of attractant can be drawn out by air transport to form an active ellip- 
soidal zone several kilometers long, which is a reasonable approximation 
to what the females of many moth species accomplish in nature (vide infra). 


B. POTENTIAL SIGNAL DIVERSITY 


As the number of carbon atoms in an organic molecule is increased, the 
number of possible kinds of hydrocarbons increases in an irregular but 
approximately exponential manner, as illustrated in Table I. With the 
addition of oxygen atoms to produce alcohols, aldehydes, ketones, etc., 
the number sharply increases. When we add to this list the stereoisomers, 
the increase in potential molecular species with molecular weight is even 
greater. Both vertebrates and insects can distinguish some, but not all, 
isomeric forms, Thus, iso-a-irone (trans-2,6-methyl-6a-ionine) and neoirone 
(cis-2,6-methyl-6a-ionone) are perceptibly different to humans, as are 
geraniol and nerol. Even some optical isomers are distinguishable to the 
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human nose (84). Geometric isomers can also be distinguished by insects. 
Steiner e¢ al, (106) have recently shown that the trans form of siglure 
(sec-butyl ester of 6-methyl-3-cyclohexene-l-carboxylic acid), a new syn- 
thetic lure of the Mediterranean fruit fly (Ceratitis capitata) is more than 
twice as effective as the cis form. Similar results were obtained by Beroza 
et al. (6) with the hydrochlorinated derivative medlure. Butenandt and 
Hecker (17) synthesized two geometric isomers of hexadecadienol which 


TABLE I 
The Number of Possible Structural Isomeric Hydrocarbons of the Methane 
Series as a Function of the Number of Carbon Atoms 


Carbon content No, of isomers Carbon content No. of isomers 
1 1 il 159 
12 355 
2 1 
3 1 č . 
15 4347 
4 2 
5 5 - . 
2 366,319 
6 s o 3 
7 9 
8 18 30 4.1 X 109 
9 35 
10 75 40 6.2 X 1018 


@ From Henze and Blair (61). 


become behaviorally effective only at concentrations 10'* and 10** times 
greater than the third, most effective, isomer. These early findings on insects, 
while based on synthetic compounds, strongly suggest the possibility of 
the existence of related phenomena in natural pheromone differentiation. 
It is necessary to conclude that the number of possible odorant molecules 
that can be manufactured is, in evolutionary time, effectively unlimited; 
that is, the potential number must be far greater than the number that can 
be used. 

How many different odorants can a single organism distinguish? On the 
basis of subjective experience, according to Hainer ef al. (58), some experts 
estimate that humans can recognize at least 10,000. Since our species is 
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notably microsmatic, it is likely that other animals, at least many other 
mammal species, can do better. When the odorants are presented in mix- 
tures, much as other types of signals are presented syntactically in com- 
munication, the number of signifiable discrete messages increases to a great 
but unknown extent. There seems to be no effective limit to the chemical 
“vocabulary” that a species, through evolution, could come to employ other 
than the one imposed by the ability of its central nervous system to process 
information. 

With these considerations in mind, it becomes easier to accept the extreme 
cases of olfactory acuity reported in the literature. Kalmus (64), in measur- 
ing the almost legendary tracking ability of hunting dogs, proved that these 
breeds can separate the odors of identical twins, and Schmid (99) showed 
that German police dogs can even distinguish trails made by another single 
dog if one trail is 30 minutes older than the other. Hasler and his asso- 
ciates (review, 59) have presented convincing evidence supporting their 
hypothesis that migratory salmon home to the stream of their birth because 
they are imprinted to its specific odor or combination of odors. Fish of 
at least some social species. are able to recognize the odor of their own 
school in opposition to alien schools of the same species (53), Female mice 
distinguish the odors left in soiled cages by their mates from those left by 
alien males, and this discrimination has a profound effect on their repro- 
ductive physiology (91). The ability of social insects to separate instantly 
members of the same colony from strangers belonging to the same species 
is well known. Recent work has shown that dietary differences alone are 
adequate to differentiate the colony odors of honey bees (65), whereas 
either dietary differences or differences in chemical composition of the nest 
walls are adequate in the ants (70). The role of diet in odor differentiation 
is probably a key one in other animal groups as well. Geographic variation 
in the chemical composition of the beaver’s castoreum is in large part a 
reflection of dietary variation (71). Even some of the variation in human 
body odor, especially in perspiration, is due to dietary differences (1), 
a fact that might explain the unexpected ability of dogs to separate identical 
twins. 


C. FADE-OUT TIME 


The obvious design-feature which in abstract separates chemical com- 
munication from systems in other modalities is the inherently long fade-out 
time. In Fig. 2, we have plotted fade-out time of chemical signals released 
as puffs in still air as a function of amount of material in the puff, thereshold 
concentration, and the diffusion coefficient. To cite one example from a 
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Fic. 2. The time required for a pheromone, released as a puff in still air, t 
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case history discussed elsewhere in this article, the sex attractant contained 
in one female gypsy moth, 10-7 ug., would require about 8 X 107 seconds, 
or 930 days, to diffuse everywhere below threshold level; i.e., fade out, 
if it were released altogether in one puff in perfectly still air. One gram of 
the same substance would require over ten million years! Even if the 
diffusion coefficient were to be greatly increased by air turbulence, say to 
100 cm.?/second, the contents of a female gypsy moth would still require 
8 X 10* seconds, or about one day, to fade out, and 1 gm. over 10,000 
years. Dissipation is further slowed when, as is usually the case, the phero- 
mone is emitted in liquid form and must be evaporated first; and even 
more when the substance is partly absorbed into the substrate. 

The consequences of slow fade-out are not hard to visualize. The rate of 
signal transmission must be low. Hence the system is poor for communicating 
rapid changes in position and mood of an animal, for which visual and 
acoustic signals are superbly adapted. Hence pheromones do not appear to 
be used, for instance, in the maintenance of dominance hierarchies. This 
limitation has been somewhat overcome by the use of high threshold con- 
centration values, sensory adaptation, and dissipation by air (or water) 
currents, as will be seen in the description of case histories in a later section. 
The slow fade-out of chemical signals can be a positive asset, however. 
Chiefly, it can allow an animal to broadcast a signal over a long period of 
time and over a relatively great distance, at an absolute minimum of energy 
expenditure. In this combination of values, chemical communication is unique. 
As a consequence, it seems logical to find that it is very commonly used 
in territorial marking and trial laying. 


D. LIMITATIONS IN Pattern DESIGNING 


Patterning could conceivably occur (1) spatially, in the laying down 
of odor “shapes”; or (2) temporally, through modulation in pheromone 
emission or variation in its sequence and duration, But the slowness of 
pheromone transmission and fade-out and their great irregularity due to 
turbulence, combine to make these phenomena difficult to achieve. Spatial 
patterning was suggested in the chemical communication of ants by Forel, 
who postulated a special “topochemical sense” by which the workers dis- 
cerned the shape of odor spots in the chemical trails and other crucial parts 
of the odor environment (43). Recent work on the odor trail (25, 81, 117) 
has shown that the trials are indeed laid as spots or streaks, occasionally 
with distinct shapes that conceivably could be used in determining the 
direction in which the trail was laid. But although humans can sometimes 
make out shapes visually, the ants cannot do so by chemoreception, since 
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they zigzag back and forth across the trails in too erratic a fashion. Instead, 
they use other cues, probably visual, to gauge the direction of the trails 
with respect to the nest. The trails themselves lead them along by virtue 
of their linear shape but provide no further information. Tracking dogs 
crisscross trails in a similar exploratory manner, and it is this irregularity 
which probably prevents them from adapting to the odor and losing the 
trail altogether (59). There is also to our knowledge no evidence of informa- 
tion on specific odor shapes being utilized by insects or mammals at scent 


posts. 

The difficulties in discerning temporal patterning are also considerable. 
These can be visualized by considering the problems of odor modulation, 
as illustrated in Fig. 3. This hypothetical case, using the emission and 
threshold values of the Porthetria sex attractant, shows nicely that in still air 
periodic pulses can carry information only over what are, in relative terms, 
extremely short distances. Since any pattern of emission can be decomposed 
into sine waves, the result applies to temporal patterns of all sorts. Recent 
analysis (W. H. Bossert, unpublished) shows that the maximum rate of 
information transfer over distances of a meter or more by temporal pattern- 
ing must be less than 0.1 bit/sec. In a moderate wind, however, this means 
of communication would be practical over greater distances. The limiting 
rate of information transfer over a range of several meters on the downwind 
direction exceeds 100 bits/sec. 

Something that approaches true temporal patterning appears to occur 
in the chemotactic orientation of aggregating slime-mold amoebae. The 
amoebae are attracted to each other by an unidentified pheromone re- 
ferred to as “acrasin.” Shaffer (105) was unable to find any differences 
in the amounts of acrasin secreted by the centers and by different parts of 
the affluent streams of amoebae. A simple diffusion hypothesis creates a 
paradox: it would appear that in order to progress further toward the centers 
the amoebic streams would have to move to some extent down gradients 
of their own making. But in fact, there is also secreted a substance of large 
molecular weight which inactivates the acrasin. According to the “relay 
hypothesis” of Shaffer, the interaction of acrasin and antiacrasin results 
in a series of directional impulses, following one another in concentric 
manner. The amoebae then are able to orient with respect to a series of 
small ephemeral gradients, which are generated and followed in a relay 
fashion. The recent research on this subject has been reviewed by Bonner 
in his book on the biology of slime molds (11). 
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Fic. 3. A hypothetical case of modulated rate of pheromone emission, to illustrate the short range over 
which communication by this means can be effected. The maximum rate of emission is set at 1015 molecules 
per second, approximately that of the gypsy moth, Porthetria dispar. The true pattern of emission of this 
species is unknown. The emission in this example is arbitrarily made periodic at one cycle per second, thus 
approximating the rate of extrusion of the scent glands described for same British moth species (see 68). 
The emission is further made sinusoidal and the coefficient of diffusion set at 0.1, both arbitrary but rea- 
sonable features. Note that by human standards of density discrimination (see text) the pattern is lost less 
than 0.32 cm. from the source. 


789 


LAISSO “H WVITTIM ANV NOSTIM 'O dayMaa 


CHEMICAL COMMUNICATION AMONG ANIMALS 683 


E. LIMITATIONS IN QUANTITATIVE COMMUNICATION 


It would be difficult to encode and transmit information on quantity by 
means of frequency modulation, for the reasons just given in the preceding 
section, 

Quantity may be transmitted more readily by relating it, in an analogue 
fashion, to the amount of pheromone emitted and hence the concentration 
perceived by the receiver organism. Hainer ef al, (58) have provided some 
interesting estimates of concentration perception in humans that allow us 
to form an intuitive notion of the limits of quantitative communication. 
For several odorants checked, the ratio of threshold concentration to the 
lowest concentration that gives the maximum perception is about 1:190,000. 
Concentration perception follows the ‘Weber-Fechner law”: the magnitude 
of nervous input increases as a function of the logarithm of stimulus in- 
tensity; in humans, the increase in concentration required to make a just 
noticeable difference is about 52%. Thus, there are about 30 distinguishable 
levels of concentration. If these various concentration levels were used in 
a chemical communication code, the receiver organism would have to stand 
very near the emission source to overcome the damping effects of diffusion 
and turbulent transport mentioned earlier. Furthermore, the rapid adapta- 
tion characteristic of odor perception would present an acute problem. 
However, there is no doubt that variation in concentration is sometimes used 
in chemical communication. In some species of ants, e.g., Pogonomyrmex 
badius, the alarm substances act as an attractant in the lowest perceptible 
amounts. At a concentration approximately ten times that of the at- 
traction threshold, the worker ants switch to true alarm behavior, and if 
exposed to higher concentrations for a longer period of time they switch to 
digging behavior. The possibility exists that more than one pheromone exists, 
but the shift from alarm to digging behavior has also been induced by other, 
pure odorants (116, 118). The number of fire ant workers (Solenopsis 
saevissima) responding to recruitment trails is an approximately linear func- 
tion of the amount of attractant substance in the trails (117). 


III. The Optimal Range of Molecular Weights 


There are at least two prima facie reasons why pheromones should not 
be expected to be of very low molecular weight. First, the number of kinds 
of compounds is restricted. Fewer than 300 alkanes, alkenes, monohydroxy 
alcohols, ketones, and aldehydes contain five carbon atoms or less; and 
fewer than 100 of these substances contain four carbon atoms or less. Further, 
only a fraction of these substances could be manufactured by any given 
taxon. But the number of molecular species is sharply increased with 
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increase in molecular size. Hence, in order to achieve diversity of signals, 
of the sort needed in species specificity, substances with at least five carbon 
atoms are likely, and with even more carbon members molecular diversity 
probably ceases to be limiting. 

A second condition making the choice of very small molecules less likely 
is their lowered stimulative efficiency. Dethier (36, 38) has summarized 
empirical information on chemical correlates of stimulative efficiency in 
insects in the following way: the efficiency is proportional to chain length, 
molecular weight, and boiling point; and inversely proportional to water 
solubility. Cook (cited by Dethier, 38) has shown that the optimum concen- 
trations in a moderately large series of alcohols and esters with respect 
to attractiveness to flies is related to the boiling points as follows: the 
logarithm of the optimum concentration is equal to 13.78 minus 7.1 times 
the logarithm of the boiling point in degrees Celsius. Boiling point is of 
course approximately proportional to molecular weight in a given homologous 
series. Thus isoamyl butyrate has a boiling point 2.5 times higher than 
that of ethyl acetate and a molecular weight 1.8 times greater, but an optimal 
concentration only 0.001 times as high. Dethier (38) states that in insects 
threshold concentration is proportional to optimal concentration. Of course, 
chemoreceptors of a given species could and must be modified to alter 
threshold concentrations to chemical substances crucial to the species’ 
biology. But the generalizations just cited suggest again that, at least for 
insects, molecules containing at least five carbon atoms are basically ad- 
vantageous. 

We would therefore like to predict on purely logical grounds that in the 
great majority of cases of chemical communication, where pheromones with 
relatively high specificity and stimulative efficiency are required, the phero- 
mones will contain at least five carbon members and molecular weights 
of at least 65. One additional premise can be added on the basis of pre- 
liminary empirical information: almost all known pheromones contain at 
least one oxygen atom. Therefore the predicted minimum molecular weight 
can be adjusted to 80. 

It is necessary in passing to eliminate one possible counterargument that 
has strong intuitive appeal. One might expect that the smallest molecules 
would have the highest diffusion coefficients and hence provide the fastest 
transmission, in accordance with Graham’s law, This is true, but to a degree 
that scarcely matters. In the short list of substances for which diffusion (D) 
coefficients in air have been experimentally determined (62), D varies from 
0.634 (hydrogen) to 0.089 (ether vapor, molecular weight 74,12); extrapo- 
lating crudely from these values, it can be estimated that D of gases of 
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molecular weight 200 are still greater than 0.01. Elsewhere (12) we have 
shown that variation of even one order of magnitude in D fails to add sig- 
nificantly to the already great variance among chemical communication 
systems. For instance, it does not affect in any way the distance in still 
air over which the pheromone can act. The true diffusion coefficient becomes 
almost negligible in significance when turbulent transport is involved. 

In the factors so far considered, and eliminating D in still air from con- 
sideration, it would appear that the larger the molecule the better. Of 
course there must be a point of diminishing return due to other factors. As 
molecular size is increased in any homologous series, the energy cost of 
biosynthesis and intracellular transport per molecule increases. The number 
of molecules per unit volume of reservoir space decreases, The vapor pressure 
and hence volatility decreases, eventually to the point where gaseous trans- 
port becomes impracticable. It would be impossible at this time to deduce 
the upper limit of molecular weight of pheromones due to those factors. 
Intuitively we would expect it to be in the vicinity of 300 or 400, since in 
that weight range further advantages due to diversity and stimulative effi- 
ciency are greatly diminished. In fact, the pheromone with the largest 
molecular size known is gyplure (CısHz402), the Portheéria sex attractant, 
with molecular weight 298. i 

In summary, we would like to suggest that the great majority of phero- 
mones can be expected to contain between 5 and 20 carbon members and 
have molecular weights between 80 and 300. Perhaps the lower ends of these 
optimal ranges will be raised somewhat as our knowledge increases. Also, 
it might be expected that sex attractants in which specificity and efective- 
ness have a higher premium, will as a rule have greater molecular size; 
and this has so far held up in the limited roster of identified substances. 
Of five known or suspected sex attractants (Fig. 6) four have molecular 
weights between 225 and 298, One, the honey bee queen substance, which 
serves only secondarily as an attractant, has a molecular weight of 184. The 
most effective synthetic attractants of flies, which act in some ways like 
sex attractants, have molecular weights around 200 (55). Of seven alarm 
and recruitment substances known in the social insects, six have molecular 
weights from 114 and 194, and one (dendrolasin) has a weight of 218 


(Fig. 5). 
IV. Functions and Properties of Releaser Pheromones 


This discussion will be concerned with the releaser effect, as distinguished 
in the Introduction. Early classifications of releaser stimuli have tended to 
use functional categories. Dethier eż al. (39) have made a useful distinction 
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between (1) true attractants, which cause movement toward the source, 
and (2) arrestants, which merely cause cessation of locomotion, They have 
listed as further categories of chemical stimuli (3) locomotor stimulants, 
which cause more rapid dispersal through increased undirected locomotion; 
(4) repellents, which cause oriented movements away from the source; 
(5) stimulants of specific acts such as feeding, mating, etc. (the “releasers” 
of ethological terminology); (6) deterrents, the inhibitors of specific be- 
havioral acts. These categories are logically exhaustive and refer to chemi- 
cal stimuli as a whole instead of just pheromones. Marler (83), in adapting 
Charles Morris’ linguistic theory (85) to ethology, distinguishes the signal 
functions of “identifiors,” which direct to a place in time and space; “desig- 
nators” and “prescriptors” which dispose the receiver toward specific 
response sequences; and “appraisors” that provide opportunities for choos- 
ing among signal sources. Under this scheme of “pragmatics” one releaser 
pheromone can serve two or more functions. For example, the sex attractants 
of moths serve both as identifiors and designators, the latter function being 
achieved at higher concentrations. In a complex gradient created by two or 
more females, the pheromone can serve as an appraisor. 

Both of these recent classification systems should succeed in serving 
as more than nomenclatural guides to intuitively obvious ideas. They are 
also potentially useful in stimulating the careful examination of behavioral 
function of individual pheromones. For the moment, however, we wish to 
go a step beyond and take up specific biological functions of pheromones. 
It is our purpose to propose and support the following theory: that the 
chemical properties of the pheromone, the emission rate, and the response 
threshold concentration have been adjusted in evolution to maximize efi- 
ciency with respect to a specific function. This requires the examination of 
several specific cases within a narrowly defined function, Other functional 
categories will be listed for which we lack comparable information. 


A. TRAIL MARKING 


Chemical traits that attract or orient or do both are widespread in the 
animal kingdom. In some cases they serve as a long-lasting guideline to 
some fixed object. For instance, chemical cues, probably a trail, appear 
to be provided by the moth ear mite Myrmonyssus phalaenodectes to the 
initially infested ear. Subsequently, invading mites proceed to this ear and 
thus bilateral infestations are avoided (111). In some trail-following ants, 
such as the fungus-growing species of Atta, the trails lead to persistent 
food sources and are themselves persistent. Army ants lay “exploratory 
trails” as their foraging columns advance (118). Other ant species, as well 
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as certain meliponid bees (75), lay “recruitment trails,” which serve to draw 
out sister workers from the nests to newly discovered food sources or 
nest sites. 

Although several analyses are underway, no trail substance has yet been 
chemically identified. The abdominal Nassanoff gland secretion of honey 
bees, which is released into the air to guide workers to food finds and new 
nest sites (97), has recently been identified as geraniol (CjgHis0) by Boch 
and Shearer (10). It is interesting to note that several years previously 
Kullenberg (69) had correctly guessed this identity on the basis of smell 
alone. 

We have chosen the recruitment trail of the fire ant Solenopsis saevissima 
for detailed communication analysis. When workers find food or a superior 
nest site they return to the nest, laying a trail substance through their 
extrudéd stings. The substance is an attractant, which induces the workers 
to leave the nest and follow the trail outward. On glass at room temperature 
the trail fades out in an average of 104 seconds; that is, its concentration 
drops below threshold level in that time. This relatively quick fade-out 
is important in that it allows the colony as a whole to regulate the amount of 
attractant in the trail and hence the number of workers using it. At the 
same time it imposes a restriction in accuracy of following, so that only 
about four bits of information are transmitted with respect to compass 
direction and two bits with respect to distance. Both aspects have been 
treated in some detail in an earlier paper (117). 

In analyzing this case further, the “goals” of a short-lived recruitment 
trail were intuited as follows. The effective width attained through diffusion 
must not be great, or otherwise the orientating function of the trail will be 
impaired. In order to achieve greater accuracy the ants probably would 
employ the gradient of concentration to stay near the center of the trail. 
In such a circumstance, it is important that the gradient of concentration 
near the effective boundary of the diffusing trail substance be large so as 
to strongly correct departing individuals. Finally, the fade-out must be 
moderately quick, in order to prevent excessive response, as well as con- 
fusion due to overlapping trails. But not too quick, for then the effective 
range of the trail will be shortened to ineffectiveness. 

In a mathematical analysis to be developed more completely elsewhere 
(12), we have constructed a model of trail formation in still air, The 
maximum length of a trail at any time is 


Q 


2KxD g 
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when Ọ is the rate at which the pheromone is laid in molecules per second; 
K is the threshold density, in molecules per cubic centimeter, below which 
the ants cannot detect the trail; and D is the diffusion coefficient. The maxi- 
mum radius of the cross section of the trail is computed as ` 


22 


eKru 


’Xmax = (2) 
where œ is the rate of locomotion of the ant in centimeters per second, 
From laboratory tests Xmax was determined to be about 42 cm., and Fx maw 
10mm. From Eq. (1) D was estimated to be 0.00646 cm.?/sec. This value 
is probably less than the actual diffusion coefficient, because it is improbable 
that the material is initially all in the gaseous state as assumed in the model, 
Since the substance is quite volatile, however, the model is still acceptably 
accurate, with the value of D reduced by a factor due to evaporation time. 
From Eq. (2) the ratio of emission rate- to threshold density (Q/K) is 
computed as 1.69cm.®/sec. Knowing the volume of the Dufour’s gland 
reservoir, the source of the trail substance, and the probable limits of emis- 
sion rate as fractions of this volume, we estimated the reservoir to contain 
between 1016 and 6 X 10% molecules, the trail to contain between 104 
and 6 X 10!5 molecules per centimeter in a straight line distance, and Q 
to be between 4 X 101% and 2.4 X 10% molecules per second. The range 
of K corresponding to this estimate is from 2.36 X 10% to 142 X 101° 
molecules per cubic centimeter. The widths and persistence of the fire 
ant trail at various times can be interpolated as shown in Fig. 4. 

The intuitively expected design features are thus upheld. The persistence 
of the trail is, as expected, sufficient to permit trails of adequate length, 
but the fade-out, about 100 seconds, is rapid enough to prevent confusion 
of trails (while permitting quantitative control in mass communication). 
This results from a proper balance of Q, which increases the persistence 
for higher values, and K and D, which reduce the persistence. In the case of 
Solenopsis saevissima, Q is moderate, low enough to permit adequately 
long trails yet large enough to maintain the persistence in the longer trails. 
The diffusion rate is low, serving both to keep the persistence high and the 
trail narrow. K, the threshold concentration, is unexpectedly high, especially 
in comparison with that of other kinds of pheromones (see below.) This 
of course ensures that a new trail will be recognized in high background 
levels from old trails. In addition, the high value of K and the correspond- 
ing value of the ratio Q/K is in striking adherence to another principal 
design feature, the maintenance of a large gradient at the trail boundary. 
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Fic. 4. The form of the odor trail of Solenopsis saevissima laid on glass. As the trail 
‘substance diffuses from its line of application on the surface, it forms a semiellipsoidal 
zone within which the pheromone is above threshold concentration. The times shown 
here are given from the moment a worker reaches the nest after laying a trail in a 
straight or only slightly wavering line from a food source 20cm. away. The trail is 
shown as continuous. In nature it is irregularly segmental, but the dimensions and 
fade-out times remain nearly the same. 
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The gradient is increased for large values of Q and small values of D. For 
a given Q and D, the gradient is at a maximum where 


EE (3) 


In this case 
= en (0,00646)X. 


Alo A 


It would be most advantageous to maximize the gradient near the fade- 
out point of a long trial. The maximum length of an active trail was esti- 
mated as 42 cm, If X is set as 42-cm., then Q/K = 2.31 cm.3/sec. By the 
earlier procedure Q/K was computed to be 1.69 cm.%/sec. It is this reason- 
ably close correspondence especially which gives confidence in the validity 
of the model. 

B. ALARM 


This category includes a variety of specific responses related only by the 
threatening nature of the stimuli that induced them. Fish and tadpoles of 
the toad Bufo scatter from the vicinity of the epidermal alarm substances 
(41, 101). Ants always react to alarm substances by excited, circular or 
zigzag motion. In the immediate nest vicinity the workers of most species 
posture aggressively and run toward the stimulus source, but those of other 
species characteristically flee. A few actually attack the stimulus source, 
even though it is a sister worker (14, 116, 118). Aggressiveness increases with 
the size and health of the colony. As a rule, ant alarm substances are at- 
tractants at low concentrations and release aggressive or retreat behavior at 
higher concentrations (118). Termites lay trails to the area of the threaten- 
ing stimulus, whether it is an intruding insect or a breach in the nest wall. 
In the lower termites, trail laying appears to serve this function exclusively ; 
only in later evolutionary stages has it come to serve in recruitment to 
food sources as well (107). When honey bees sting they emit a “pleasantly 
smelling scent” from unicellular glands next to the quadrate plate of the 
sting; this substance is responsible for the well-known tendency of other 
bees to sting in the same area (51). 

The pioneering work of Pavan and his associates on the chemistry of 
exocrine secretions of ants (92-95), together with more recent behavioral 
studies utilizing the pure products (118, 119), have resulted in the identifica- 
tion of some of the first natural alarm substances. They have so far proved 
to be mostly terpenes with molecular weights between 100 and 200 (Fig. 5). 
An exception is the furan dendrolasin. Iridomyrmecin, a` complex? lactone 
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secreted by Iridomyrmex humilis, has proved behaviorally inert (120), 
and it is our guess that the related substances isoiridomyrmecin, iridodial, 
and dolichodial will also prove to be behaviorally unimportant. The main 
function of these anal gland substances is probably defensive, as Pavan (92) 
originally suggested for iridomyrmecin. 
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Fic, 5. Alarm substances of ants. For anatomical location of glandular sources men- 
tioned here see Fig. 8. (I) Dendrolasin: Lasius (Dendrolasius) fuliginosus, mandibular 
gland (93). (II) Citral: Atta rwbropilosa, mandibular gland (19) ; Acanthomyops claviger, 
minor constituent, mandibular gland (29, 50). (III) Methylheptenone: widespread in 
Dolichoderinae (Diceratoclinea, Iridomyrmex, Tapinoma), known to be alarm substance 
in Tapinoma, anal gland (28, 95, 119). (IV) Propyl isobutyl ketone: Tapinoma niger- 
rimum, active at least on T. sessile, anal gland (95, 119). (V) Citronellal: one of two 
isomers shown here, Acanthomyops claviger, major constituent, mandibular gland (29, 
50). (VI) 2-Heptanone: Iridomyrmex pruinosus, anal gland (9). 
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We have chosen the alarm substance of Pogonomyrmex badius, secreted 
by the mandibular glands but as yet chemically unidentified, for experi- 
mental analysis. In a procedure to be described in detail elsewhere (12), 
we crushed the heads of workers in long glass tubes containing resting 
sister workers in still air and measured the onset times and distances of 
responses. The release of a puff of the pheromone was simulated by crushing 
the heads of workers and removing them from the experimental chamber 
after brief intervals. Estimates of the diffusion of coefficient in six trials 
ranged from 0.33 to 0.80, a parameter undoubtedly raised by unavoidable 
air turbulence caused by movement of the ants. For 3-second exposures, 
the estimates of the ratio of pheromone molecules released to threshold 
concentration per cubic centimeter (i.e., Q/K ratio) were 635-918. The Q/K 
ratio for entire contents of a worker head were estimated to lie between 
only 939 and 1800, thus indicating considerable volatility, in accord with 
the subjective impression received during dissection of the glands. -To 
estimate Q and K separately, it was assumed that all of the mandibular 
gland reservoir is filled by the alarm substance and that the density of the 
unknown pheromone (or pheromones) is the same as water. (From informa- 
tion on other alarm substances, these assumptions are believed to introduce 
an error of less than 30%.) The head of a worker then contains about 
6.26 X 10'® molecules, and K is about 4.47  10'* molecules per cubic 
centimeter of air. 

These are of course no more than crude predictions, probably safe only 
to the nearest order of magnitude. Even at this low level of accuracy, how- 
ever, they allow us to describe the design features objectively. In a three- 
dimensional situation in really still air, it can be predicted that the crushing 
of a worker head will cause a spread of the pheromone through a maximum 
sphere of attractiveness with radius of about 6 cm. and this will be attained 
in 13 seconds, In about 35 seconds the signal will have faded out completely. 
These estimates correspond reasonably well with experimental results ob- 
tained in an earlier study (116). The response at lower concentrations is 
simple attraction. It has been observed that at a concentration approximately 
10 times the attraction threshold, true alarm behavior is induced.: The 
maximum range of the latter effect will be about 3 cm., and the necessary 
concentration will disappear in about 8 seconds. When a worker is merely 
alarmed and not crushed, Q will undoubtedly be much less, and the range 
and duration of the dual signals will be shorter. In any case K is seen to be 
high, and Q/K moderate (actually, a little higher than that of the trail 
pheromone but far below that of the sex attractant to be described next). 
The system seems very well designed for the intuitive “goals” of an alarm 


CHEMICAL COMMUNICATION AMONG ANIMALS 693 


system in ant colonies: single workers can spread swift alarm over a short 
distance for a short period of time. If the danger is local, the signal quickly 
‘fades and the bulk of the colony is undisturbed. If it is persistent, increasing 
numbers of workers become involved and the signal spreads. When the 
danger stimuli cease, thé signal quickly fades. 


C. SEXUAL STIMULATION 


Sex pheromones release one or both of two responses: attraction and sex- 
ual behavior. In many cases the former occurs at low concentration and 
the latter at higher concentration as the responder draws near the source. 
Sex pheromones are widespread through the animal kingdom. They are 
especially common among the insects (35, 55), but they are also known 
to occur in Crustacea (22, 115), fish (108), salamanders (89), snakes (90), 
and mammals (4, 13, 23, 76, 91). In the lower animal phyla sex recognition 
and attraction is almost certainly primarily by means of pheromones, but 
the subject has received little analysis (26, 45). Opportunities for discovery 
abound in this area. 

The identification of the first insect sex attractants, those of the moths 
Porthetria and Bombyx, was a remarkable achievement of two independent 
teams of researchers. Chemists and entomologists of the United States De- 
partment of Agriculture worked intermittently over a period of thirty years 
on Porthetria (63), while Butenandt and his associates in Germany required 
twenty years to solve the problem in Bombyx (18). In both cases hundreds 
of thousands of female moths were extracted, each yielding on the order of 
10—? ug. of pure attractant. The structural formulas are given in Fig. 6. 
A similar effort by Wharton and Wharton (114) over a ten-year period to 
identify the sex attractant of the cockroach Periplaneta americana has not 
yet met with success,’ Gary (48) has identified the queen substance of honey 
bees as one of a medley of sex attractants. The stimulative efficiency, how- 
ever, is far below that of the moth substances, since 0.1 mg. of the pure 
synthetic substance was required per assay tube in the open air to get 
a response. Numerous artificial sex lures effective on a wide variety of insects 
have been discovered by screening methods in connection with control work. 
These have been described in detail in reviews by Dethier (35) and most 
recently by Green ef al. (55). Their stimulative efficiency varies widely, 
and in some cases they induce aberrant responses. The chemical relation of 


1 Note added in proof: Jacobson et al. (63a) reported the identification of the 
Periplaneta americana attractant as 2,2-dimethyl-3-isopropylidenecyclopropy] propionate, 
with a molecular weight of 182. 
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these synthetic substances to the-true sex attractants is unknown. Kullen- 
berg (69) made guesses as to the identity of hymenopteran sex attractants 
on the basis of smell tests of crushed individuals, In many cases he was 
CH, — (CH3) — CH = CH — CH = CH — (CH3) — CH, — OH 
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Fic. 6. Known and possible sex pheromones, (I) “Bombykol,” hexadeca-10,12-dien- 
1-ol: sex lure of the moth Bombyx mori. Of four geometric isomers based on the diene 
groupings that were synthesized and tested by Butenandt and Hecker (17), only one 
(10-trans,12-cis) proved as active as natural Bombykol. (II) Gyplure, dextrorotary 
10-acetoxyhexadec-cis-7-en-1-ol; sex lure of the moth Porthetria dispar, The dl-form of 
the substance was also synthesized by Jacobson et al. (63) but found not to differ from 
the d-form in effectiveness. (III) “Queen substance,” 9-ketodec-trans-2-enoic acid: a 
secondary (?) sex attractant of the honey bee (21, 48). (IV) Civetone: secretion of 
para-anal glandular pouch of the civet Viverra zibetha, which evidently functions in 
defense, but possibly also as a sex pheromone or territorial marker or both (13, 54, 71, 
121). (V) Muskone: secreted in the preputial glands of the musk deer, Moschus mos- 
chiferus, which probably functions either as a sex pheromone or territorial marker or 
both (13, 71). 
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successful in attracting males with synthetic lures containing the predicted 
chemicals, 

Several musk substances of mammals have been identified (see Fig. 6 and 
review by Lederer, 71) but, surprisingly, have been the subject of very 
little behavioral study urder natural conditions. Recent authors have sug- 
gested that the musks function variously in defense, territorial marking, or 
as sex pheromones (13, 54, 71, 121). In reality, their individual functions 
may prove to be combinations of these, as Bourliére (13) has suggested. 
The structural resemblance of civetone to the odorant steroid /\1%-andros- 
tenol-3, if the latter’s cyclic structure is partially opened, has been remarked 
by Lederer (71). This possibility of a relation between hormonal steroids 
and sexual pheromones in mammals is an intriguing one. The primer effect 
of the odor of male mice remains in soiled cages after the males have been 
removed (91) and could conceivably be in the urine. Odorous urine steroids 
have been identified: some of the characteristic “urine odor” of humans, 
for instance, is imparted by A*androstenone-17. Beach and Gilmore (4) 
noted that sexually active male dogs spend more time investigating the 
urine of receptive females than that from nonreceptive females. LeMagnen 
(74) discovered that adult male rats were attracted to the odor of estrous 
females, while Carr and Pender (24) found that male rats can discriminate 
the odors of urine from estrous versus diestrous females, Carr and Caul 
(23) were successful in training female rats to distinguish the odors from 
normal versus castrated males. It is conceivable that even humans may 
respond in some way to pheromones. LeMagnen (72, 73) reported that the 
odor of the lactone of 14-hydroxytetradecanoic acid (“exaltolide”) is 
perceived clearly only by sexually mature females, and most clearly by 
these about the time of ovulation. A male subject became more sensitive 
following an injection of estrogen. A parallel difference in sensitivity to the 
odor of old urine was noted. Any conclusions drawn from these fragmentary 
reports must of course be highly speculative. The subject of olfactorily 
determined behavior in mammals has remained in general remarkably 
fallow, considering its potential significance. 

The case of Porthetria dispar has been chosen here for critical examina- 
tion of the mechanism of pheromone transport. The mathematical analysis 
of wind transport of a pheromone, the method of P. dispar and most other 
insects using sex pheromones, is complicated and has been undertaken in a 
separate paper on methods of measurement of pheromone communica- 
tion (12). Using the rather crude “maximum distance” measures taken by 
Collins and Potts (30) over which the female P. dispar can draw males, we 
concluded that a group of 10 to 15 females together have a maximum 
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“reach” of between 3.72 and 16.09 kilometers. This estimate is in full 
accord with the results of numerous field studies made on other moth spe- 
cies. As Schwinck (104) has shown in experiments with several moth genera, 
including Porthetria, orientation is possible over great distances and in the 
absence of a detectable gradient because the males become positively 


X=4560 M. 


Y=125 M. 
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Fic. 7. Predicted active spaces downwind from “calling” females of the moth 
Porihetria dispar, at various wind velocities. Further explanation in the text. 


anemotactic when stimulated by the pheromone. By flying upwind they 
approach the stimulus source. The ratio of pheromone emission rate in 
molecules per second over threshold concentration in molecules per cubic 
centimeter of air, i.e., Q/K, was estimated to lie between 1.87 X 101° cm.?/ 
sec. and 3.03 X 10" cm.3/sec. In Fig. 7, we have illustrated the expected 
shape of the active semiellipsoid space downwind from the female and the 
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effect of wind velocity on the length of the long axis, One unexpected 
result is that in moderate to heavy winds the “reach” of the female 
is inversely proportional to wind velocity. From the data of Butenandt 
on Bombyx mori discussed previously, K of this species can be expected 
to be in the vicinity of no more than 200 molecules per cubic centi- 
meter of air in still air. Let us for the moment assume that the parameter 
is the same for Porthetria dispar. Jacobson et al. obtained an average 
of about 4 X 10-8gm. of gyplure per female in their extraction pro- 
cedure. Even if the extraction procedure is at least 50% efficient, which 
is believed to be the case (5), a female is likely to have no more than 
8 X 10-®gm., or 8.18 X 10% to 1.616 X 10'* molecules, at a given 
instant. It would follow that the female therefore releases about one-eighth 
to one-fourth of the quantity in her reservoir each second. If this is to 
be rejected as impossible (which should not be done out of hand), then Q 
must be higher or K lower than given here, and Q/K even higher than 
the very high estimate already given. 

The minimum figure of 1.87 X 10! cm.3/sec. is in marked contrast to 
the estimates for the trail and alarm substances, which are on the order of 
1 and between 101 and 103, respectively. The significance of these design 
features seems clear enough. They allow a female to call over great distances 
for long periods of time with a minimum expenditure of energy. This can 
be achieved because, unlike the “goals” of the trail and alarm systems, a long 
fade-out time can be tolerated or even sought, and K can therefore be 
adjusted toward the minimal figure. 


D. AGGREGATION 


Pheromones exist which serve solely as attractants and do not release 
more complex behavior. Consequently, they promote simple aggregation. 
It has long been known, for instance, that many aposematic insect species 
form dense, conspicuous clusters (31), but the mechanisms by which such 
aggregations are established and maintained were unknown. Now Eisner 
and Kafatos (42) have been able to prove that in the beetle Lycus loripes 
the males produce a volatile attractant which is responsible for the aggrega- 
tion. Wilson (117) has demonstrated the presence of a volatile substance, 
probably carbon dioxide, that attracts and promotes clustering in workers 
of the ant Solenopsis saevissima, Barnhart and Chadwick (2) discovered 
that house flies, Musca domestica, visiting a bait contribute to it a “fly- 
factor” substance that increases its attractiveness to other flies, The presence 
of other aggregation pheromones can probably be sought with profit among 
the many fascinating cases of simple aggregation in insects and other animals. 
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E. NoNTERRITORIAL DISPERSAL 


The intraspecific use of repellents, locomotory stimulants, or deterrents, 
to use the terminology of Dethier et.al. (39), should result in increased 
species dispersal. Adults of the flour beetle Tribolium confusum aggregate 
at low population density, apparently distribute themselves randomly at 
intermediate density, and distribute uniformly at high density (86). The 
last effect is evidently due to the secretion of quinones, which act as repel- 
lents above a certain concentration. Loconti and Roth (77) have shown 
that these substances are produced by thoracic and abdominal glands and 
in the case of T. castaneum consist primarily of 2-ethyl-1,4-benzoquinone 
and 2-methyl-1,4-benzoquinone. A third (trace) substance, 2-methoxy-1,4- 
benzoquinone, is not effective as a repellent. A similar effect may be re- 
sponsible for the dispersal of young Zinaria millipedes, which secrete a sub- 
stance, apparently hydrocyanic gas, during dispersal from their initial 
aggregations, but the evidence is anecdotal (121, 122). Dispersal can also 
be achieved by a reproductive deterrent, as shown by Salt (98). Females 
of the parasitic wasp Trichogramma evanescens receive chemical cues from 
eggs already parasitized by other females and avoid ovipositing on them. 
The discrimination has been referred to as “perfect” by Salt, and further 
experimental data make its adaptive significance clear: when host eggs 
were heavily superparasitized in laboratory studies the parasites were either 
dwarfed, imperfectly developed, or wholly inviable. 


F. Territory AND Home RANGE MARKING 


The use of chemical trails and scent parts to mark territories and home 
ranges is widespread in the mammals. The subject has received lengthy 
treatment in the reviews of Hediger (60), Grassé eż al. (54), Bourliére (13), 
and Wynne-Edwards (121). The odorants are either passed in excrement or 
else are secreted by special exocrine glands located, according to taxon, 
in one or more of a variety of body sites: pedal, carpal, tarsal, metatarsal, 
preorbital, occipital, caudal, preputial, anal, etc. Our knowledge of the 
chemistry of these substances is very limited. The best review is that of 
Lederer (71). The Crocodilia also release scent, at least in the mating season. 
The male American alligator emits jets of musk that can on occasion be 
smelled for miles (R. L. Ditmars, quoted from Wynne-Edwards, 121). 
In the South American alligatorids Caiman sclerops and C. latirostris, musk 
glands located near the anus yield 4-35 gm. of a mixture composed of about 
80% fatty acids (including isovaleric and palmitic), some cholesterol, some 
cetyl alcohol, and about 4% “yacarol,” which is principally d-citronellol 
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(71). The males of bumble bees and some solitary apidae mark their flight paths 
with scent. Male bumble bees (Bombus) daub vegetation which scent spots 
placed at intervals in a circuit, around which they travel hour after hour 
and day after day (46, 56, 57, 47). The scenting usually takes place once 
in the morning but is sometimes reinforced during the day. Kullenberg (69) 
noted that the scent spots of Bombus hortorum smell very much like hydroxy- 
citronellal, and found that dummy marks of synthetic hydroxycitronellal 
were sufficient to reorient males under natural conditions. 

The principal failing of behavioral observations on “territorial” phero- 
mones in general is that they are usually inadequate to prove what the 
true functions are. Thus, Free and Butler (47) assume that the Bombus 
scent posts form networks that attract females and ensure their swift cap- 
ture. Wynne-Edwards (121) suggests that in addition they serve to disperse 
the males and ultimately to control the population density. Actually, the 
field observations of Frank (46), Haas (56, 57), and Kullenberg (69) are 
inconclusive in this respect. With reference to mammals, scent posts may 
serve as territorial markers, as orientation signals in undefended home range, 
or as sex attractants, singly or in combination. The relative weights of these 
functions have not been the subject of critical analysis (13). 


V. The Increase of Information 


The limited capacity of exocrine glands to release multiple pheromones 
separately, together with the slow fade-out of chemical signals, results in 
considerable restriction of the potential rate of information transmission. 
Special devices, however, can be imagined which might increase the rate. 
These include (1) the use of multiple exocrine glands to produce independent 
pheromones; (2) the production of medleys of pheromones by the same gland, 
with various independent or combinatorial effects; (3) the use of the same 
pheromone in different environmental contexts to produce different effects; 
(4) the shaping of variable behavioral responses to differing concentrations 
of the same pheromone. All these modifications are in fact to be found some- 
where in the animal kingdom. 

The first device has been employed to a certain degree by several animal 
groups. Kullenberg (69), for example, found that in the females of many 
of the aculeate Hymenoptera he studied, simple attractants were released 
from the head and sexual excitants from the abdomen, But the highest 
known development of a multiple glandular system for this purpose is to be 
found in the ants. As shown in Fig. 5 and 8, species in the various subfamilies 
and tribes have modified different exocrine glands for the production of a 
variety of species-specific alarm and trail substances. Pavan’s gland is of 
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Fıc. 8. Exocrine glandular system of a worker ant of the dolichoderine species 
Iridomyrmex humilis, which can be taken as representative of the ants as a whole (from 
Pavan and Ronchetti, 94). The glands known or suspected of producing pheromones are 


CHEMICAL COMMUNICATION AMONG ANIMALS 701 


special interest in this connection, since it was evolved de novo in the 
Dolichoderinae as the site of trail substance production. Other pheromones 
of unknown glandular origin, induce grooming behavior, transport, and food 
exchange (117). The exocrine glandular system of ants is an extraordinarily 
well-developed one. It is a reasonable guess that many of the glands of 
hitherto unknown function will prove to be pheromone producers; e.g., the 
metapleural gland (no. 13 in Fig. 8), which is an organ peculiar to the ants. 
The exploration of the “chemical codes” of the ants and other social insects 
can be said to be in its earliest stages. For details, see the recent reviews of 
Karlson and Butenandt (66) and Wilson (118). 

Medleys of pheromones are also known. In ants combinations of alarm 
substances in the same glandular reservoir are common (Fig. 5), although 
it is not known whether these have different behavioral effects, The mandib- 
ular gland of the honey bee queen produces both queen substance, which 
inhibits worker ovary development and the tendency by workers to build 
queen brood cells, as well as a worker attractant (20, 21). At least 
one other worker attractant is secreted elsewhere on the queen’s body. 
An extraordinarily rich mixture of chemicals is found in the castoreum 
of the beaver (71). About 45 substances have already been identified, 
including a surprisingly diverse array of alcohols, phenols, ketones, organic 
acids, and esters, as well as salicylaldehyde and castoramine (C15 H230N). 
The communicative function of these chemicals, if any, is unknown. 
Besides producing separate behavioral effects through independent action, 
it is conceivable that pheromones can act synergistically; that is, the at- 
tractiveness of mixtures might exceed the sum of those exhibited. by ‘the 
individual ingredients. Several cases of synergistic effects of mixtures of syn- 
thetic lures on insects are known (55). For example, a mixture of geraniol 
and eugenol is more attractive to the Japanese beetle than either chemical 
alone. 


the following: (7) mandibular gland, alarm substances, Atta, Pogonomyrmex, Acan- 
thomyops (19, 29, 50, 116); (12) labial gland, queen and larval foodstuffs, Formica 
(52); (16) hindgut, probably containing glandular tissue, trail substance, Lasius, Para- 
trechina (25, 118); (18) anal glands and (19) anal gland reservoirs, alarm substance, 
subfamily Dolichoderinae only (Diceratoclinea, Monacis, Iridomyrmex, Tapinoma, Liome- 
topum, etc.) (9, 119, 120); (20) Pavan’s gland (organo ventrale), trail substance, 
Dolichoderinae only (119); (27) “true” poison glands and reservoir, trail substance, 
tribe Attini (Atta, Acromyrmex) (9); (22) Dufour’s gland, trail substance, Solenopsis, 
Pheidole (118). Number 17 is the ovaries; 13 and 14 mark the metapleural glands and 
their reservoirs, characteristic of almost all the ants but of unknown function. Other 
exocrine glands shown in the head function at least in part in the secretion of digestive 
enzymes, 


702 EDWARD 0. WILSON AND WILLIAM H. BOSSERT 


An example of a pheromone which is used in different contexts to produce 
various effects is the trail substance of the fire ant Solenopsis saevissima 
(117), This pheromone acts in most circumstances as a simple attractant. As 
such it is employed variously in the recruitment of workers to new food 
sources, in the organization of colony emigration to new nest sites, and 
in reinforcement of the cephalic alarm substance when the nest is disturbed. 
By itself it provides no information as to the context. Instead, the ultimate 
response is determined by the context stimuli; i.e., other stimuli received 
from the environment in the vicinity of the point of emission. The pheromone 
is not always an attractant, however. When released experimentally in the 
interior of the nest, it causes workers to leave the nest and explore outside 
in what appears to be typical foraging behavior (120). Another example 
of a pheromone whose effect is context-determined is the queen substance 
of the honey bee, which serves its simultaneous multiple functions in worker 
control within the hive and as a sex attractant during the nuptial flight. 

Finally, we have already mentioned that the same pheromone can have 
both qualitatively and quantitatively variable effects at different concen- 
trations. In the insects alarm and sex substances are typically simple at- 
tractants at low concentrations and releasers of complex behavioral patterns 
at higher concentrations. Furthermore, continued exposure to higher con- 
centrations of mandibular gland secretion causes workers and Pogonomyrmex 
badius to switch from alarm to digging behavior (116). 


VI. Interspecific Communication 


There is no reason to doubt that the essential characteristics of intra- 
specific chemical communication thus far described are also true of interspe- 
cific communication. The problems are different but closely parallel. To 
take the extreme case, there are systems in which species specificity and 
stimulative efficiency of a very high order are required, so that we can 
expect to find dramatic behavioral effects produced across species by the 
transmission of a limited set of chemicals. This is precisely the case in the 
phagostimulants that induce postspecificity in feeding, in both herbivorous 
and carnivorous forms. Herbivorous specificity, especially in insects, is 
relatively well understood and has been the subject of recent reviews by 
Dethier (37), Thorsteinson (110), and Fraenkel (44). Some cases of carniv- 
orous-prey specificity mediated by chemical cues are also known. To 
cite one extreme example from the ants, workers of certain species of the 
tribe Dacetini capture and feed on nothing but entomobryomorph and 
symphypleonan springtails (15). Other potential prey are antennated and 
then rejected. 
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Species specificity in chemical communication is also commonplace in 
symbiosis, An example which has been the subject of a classical experimental 
demonstration by Welsh (112, 113) is the relation between bivalve mollusks 
and parasitic water mites of the genus Unionicola, The Unionicola are posi- 
tively phototactic in the absence of mollusks, but when extracts of the 
gills of the host species are added to the surrounding water, the mites 
abruptly become negatively phototactic. Extracts from nonhost species 
of mollusks fail to induce the response. The adaptive significance of this 
taxis reversal seems clear enough: positive photataxis aids dispersal, and 
negative photataxis brings the mites to the bottom, where the clams are 
located, Although such decisive behavioral assays are hard to find, evidence 
has continued to accumulate to indicate the widespread occurrence of 
parallel phenomena in all forms of symbiosis (32, 33, 34). But, as Caullery 
(27) and Davenport (32) have emphasized, the experimental study of these 
and other “symbiosis-effective stimuli” in the great array of symbiotic 
animal groups has hardly begun. 

Chemical cues may also be used by prey species in the recognition and 
avoidance of predators. George (49) has analyzed a remarkable kind of 
communication between the North American pickerels Esox americanus and 
E. niger and one of their prey species, the mosquito fish Gambusia partruelis. 
When a strange fish enters the vicinity of the Gambusia, the latter swim 
cautiously toward it, while orienting visually to avoid the “attack cone” 
or conic area in front of the head of the intruder. When the odor of Esox 
is detected, the Gambusia undergo rapidly the following changes: the eyes 
darken, a conspicuous suborbital pigment band appears, the fins are held 
more erect, the body becomes straighter and the posture more rigid, the 
caudal sweep of the tail fin is diminished, and the fish tend to move upward 
and remain near the surface film. While they remain in this alerted state, 
the Gambusia are easily induced to give the jump response, an erratic 
skipping along and through the water surface, at this time they are less 
likely to swim downward when a shadow passes over. George showed that 
the chemical releaser can be passed through a Biichner funnel, and that 
among a variety of freshwater fish tested, it is peculiar to Esox. In labora- 
tory tests, the Gambusia exhibiting the response were preyed on less than 
those failing to show it. Thus the Gambusia appear to have developed an 
elaborate response specifically related to predation by Esox, which is one 
of their principal enemies in nature. But there may be more to the story. 
George found that the Gambusia color change does not communicate the 
alert state to other Gambusia in the absence of the Esox odorant, He pro- 
posed the novel hypothesis that the Gambusia use this as a means of com- 
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municating back to the Esox the fact, potentially important to Gembusia and 
Esox alike, that the Gambusia have been alerted and hence areş more 
difficult to catch. 


VII. Pheromones as Interspecific Isolating Mechanisms 


It is tempting to analyze examples of chemical communication abstractly 
and in isolation, a procedure we have been more or less required to follow 
in the present paper. However, full understanding of a biological phenomenon 
is gained only when it is viewed as a part of the whole biology of the species, 
and beyond that, of the ecological community in which the species lives. The 
importance of this generalization, so often neglected by physiologists, can 
be illustrated forcefully by considering the particular case of the function 
of sex pheromones in moths. 

Since sex pheromones serve both as lures and releasers of precopulatory 
behavior, it is tempting to predict from evolutionary theory that these 
substances are species specific with reference to species that have their 
nuptial flights in the same localities at the same times. Specifically, the 
sex pheromones appear especially liable to diversification in evolution so as 
to function as “intrinsic isolating mechanisms” in the process of species 
formation. Yet experimental exidence so far seems to indicate a failure of 
this device among closely related sympatric moth species, Barth (3) found 
that distantly related European pyralid species were not interactive, but that 
more closely related species were interactive to various degrees. Schwinck 
(102, 103) noted good interactivity between the lymantriids Porthetria 
dispar and P. monacha. Using the important new technique of recording 
olfactory potentials from the male antennae (electroantennograms, EAG) 
Schneider (100) found that seven saturniid species were mostly interactive, 
although none were interactive with the bombycid Bombyx mori. Schneider 
concluded that chemical differences among the saturniid sex attractants 
“might be slight or not present at all,” and that they “would not be a very 
effective tool to prevent the species from interbreeding.” 

What, then, does prevent the sympatric species from interbreeding? The 
truth is that the sex attractants are more significant than these experimental 
studies alone suggest. They play an important role in a complex of inde- 
pendently acting isolating mechanisms which in the aggregate are quite 
effective. The nature of this complex can be partly deduced from the 
important but all-but-forgotten study by Rau and Rau (96) on sex attrac- 
tion in the four species of North American saturniids Hyalophora cecropia, 
Samia (Platysamia) cynthia, Antheraea (Telea) polyphemus, and Cal- 
losamia promethea. Hyalophora cecropia is partially isolated from S. cynthia 
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and C. promethea by differences in the seasons of nuptial flight. In the 
Raus’ study, this species emerged mostly in May, whereas S. cynthia and 
C. promethea appeared mostly in June. Antheraea polyphemus had an over- 
lapping emergence period, late May and early June. As shown in Fig, 9, 
the species are further isolated from each other by the fact that the males 
fly only during brief periods each day that differ among the species. The 
flight times are relatively invariable, being apparently based on endogenous 
circadian rhythms mostly independent of weather. The sex attractants also 
have a key role. Schneider (100) recorded a negative EAG (not differing 
from control EAG) in the cecropia-promethea test. Other combinations 
of the four North American species gave either positive EAG’s or were not 
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Fic. 10. Reproductive isolating mechanisms known to separate the four saturniid 
species. D, difference in season of flight; C, difference in daily flight time; S, species- 
specific sex attractant. An asterisk indicates that the isolation is incomplete. Based on 
data from Schneider (100) and Rau and Rau (96). 


tested. However, as this author made clear, the EAG method does not 
permit the distinction between strong and weak effects, at least in the 
Saturniidae. The full behavioral significance cannot therefore be deduced. 
Field studies are more meaningful. Rau and Rau (96) observed that A. poly- 
phemus females never attracted males of the other species, or vice versa. 
Samia cynthia females attracted H. cecropia males, but only in the absence 
of H. cecropia females. Furthermore, only young H. cecropia males were 
attracted, and these left without settling on the S. cynthia cages. The 
information of sexual isolation among the four species is summarized in 
Fig. 10. 
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Discussion 


J. J. Christian: I would like to congratulate Dr. Wilson for this most intriguing 
presentation. He made the statement that odors did not play a role in the establishment 
of dominance hierarchies, and certainly it is true that visual and acoustic stimuli do. 
However, he also stated that these olfactory substances played a role in marking out 
territories and home ranges. It seems to me that odors should participate in the estab- 
lishment of, and even more the maintenance of, dominance hierarchies. I would like to 
know what the evidence is, at least in mammals, that they do not. 

E. O. Wilson: The evidence is strictly negative. I made that conjecture on the basis 
of the fact that we had gotten a fairly complete understanding of the structure of 
dominance hierarchies in vertebrates by observing visual and acoustic signals, and hence 
there has not been any compelling need to look for other communication systems. In 
many vertebrate societies, as for instance a rhesus clan, relatively complex signals must 
be presented with great rapidity, since the animal is often required to express change 
of mood in a matter of seconds, We have established that chemical transmission is both 
inherently poor in patterning and slow in fade-out. It seems more likely, however, that 
“status” in a society could be signaled persistently by some substance. I know of no 
information on this subject. As Dr. Christian infers, territoriality (ie., defense of part of 
the home range) is nevertheless linked with dominance hierarchies. The responses or 
the signals (acoustical and visual) that are used to maintain territories may be the 
same as those used to maintain dominance hierarchies. For instance, in Anolis lizards, 
one can shift lizards from solitary territorial maintenance to dominance hierarchies by 
putting them together artificially in groups, and then overlord lizards come to dominate 
the group who maintain their position by the same signals used in nature to maintain 
territoriality. 

J. Robbins: You used the amusing term “smelling up” the substance. Is there any 
information whether these substances are chemically transformed during their action? 

E. O. Wilson: This has not been investigated. 

K. J. Ryan: It seems to me that there are two aspects to this. One is the production 
of the pheromone, and the other is the ability to respond to it, and I wonder in the course 
of development whether there is any dichotomy, or whether these two abilities coincide 
in the development of the animals or the insects. 
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E. O. Wilson: You mean in the course of evolution? 

K. J. Ryan: Not only in the course of evolution, but in the development from im- 
mature to mature animals, 

E. O. Wilson: You mean, for instance, that an individual in the course of normal 
development might become sensitive to a pheromone before it began to produce it. Is that 
correct? 

K. J. Ryan: Yes. I was thinking of it particularly in the reproductive sense—what 
influences these might have on maturation. 

E. O. Wilson: Apart from cases of sexual and parent-young communication, where 
transmission of particular pheromones is one-way, I cannot recall examples of your 
dichotomy. But the subject of behavioral ontogeny with reference to pheromones is terra 
incognita. 

E. H. Frieden: This very interesting work emphasizes the intriguing and important 
problem of the mechanisms involved in the activation of physiological systems which 
respond to the presence of very small numbers of molecules. Many of the participants 
here will no doubt recall the estimates made by Selig Hecht and others that the 
simultaneous entrance of only a few light quanta suffice for stimulation of the rods of 
the retina. The exquisite sensitivity of the receptor brings up another problem, namely, 
the effect of the signal upon the signaler. To press the visual analogy a bit further, it 
is as though an organism that can respond to light of extremely low intensity were to 
carry around a powerful searchlight, bright enough to blind itself as well as any of its 
fellows in the immediate neighborhood. To minimize the response of the signaler to its 
own signal, does not some sort of quenching mechanism have io be provided? 

With respect to possible mechanisms of response to substances present in very low 
concentrations, Passoneau and Lowry have recently reported that it is possible to 
measure extremely small concentrations of pyridine nucleotides by the technique of 
“enzymatic cycling,” in which a small amount of a nucleotide is used to couple two 
other reactions by alternate cycles of oxidation and reduction. “Amplification” factors 
of considerable magnitude may thus be realized. It is conceivable that some of the 
substances you have been talking about may operate in a similar fashion. 

E. O. Wilson: It was J. B. S. Haldane and H. Spurway (Insectes sociaux 1, 247, 
1954) who pointed out most forcefully that most animal communication consists of an 
invitation to imitate—a “follow me.” This is certainly true in many cases of chemical 
communication, where the animal is going through behavior at the moment it is releas- 
ing a pheromone which induces the same behavior. Of course, this is not true where 
transmission is across sexes or across castes in the case of social insects, where the emitter 
is insensitive to that particular substance in the first place. But in the case of alarm 
substances, to take an example, the individual who is emitting the pheromone is both in 
the center of the active zone and showing high-intensity alarm. Also, in trail laying, the 
layer follows its own trail. It comes into the nest laying a trail; then it turns about and 
goes out along its own trail with about the same amount of accuracy as other follower ants, 
while laying a second trail. In my information analyses of single trails, I had to remove 
the incoming ant as soon as it got into the nest in order to avoid confusion. I, have 
seen single ants lay as many as four trails, one upon the other. 

R. O. Greep: As a follow up of the matter of “follow me” substances, I would like 
to be permitted to ask a practical question. I wonder whether you can tell us some- 
thing about the molecular weight and composition of Chanel No. 5. Are the active in- 
gredients of perfumes thought to be similar to some of the natural signals? 
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E. O. Wilson: My best source of information for that was Lederer’s 1950 paper 
(71) on the chemistry of perfumes. This review indicates, and it is generally well known, 
that many of the bases of commercial perfumes are the animal musks. Civetone and 
muskone were identified by biochemists in the course of research on perfumes. I don’t 
know what the behavioral connection is and I have often wondered myself why animal 
musk is used. What role can we really attribute to the influences of culture? Even if 
the role were almost total, say 99% by some operational measure we might devise, why 
did man start using animal musk in the first place? 

J. F. Grattan: Recently I had an opportunity to listen to a fascinating paper de- 
livered by Dr. John E. Amoore of the Botany Department of the University of Edin- 
burgh, Scotland, titled: “Stereochemical Theory of Olfaction.” As pointed out by Dr. 
Amoore, man can differentiate from one another seven primary odor groups. Further, 
an intriguing theory has been proposed which nicely explains human perception of odors. 
According to this theory, man’s tissue receptor sites contain 7 separate and distinct 
geometric patterns, each of which is expressly available to accept but one of the seven 
primary odor groups. It follows that, to be perceived and properly classified by our 
olfactory apparatus, the molecular configuration of the presented material must be 
such that it will accurately “fit” a particular one of the seven receptor site designs, 
Certain physical and chemical requirements must also be met by any odor-bearing 
substance in order for it to correctly fit into any one of the seven receptor shapes, 
Perception and identification of multi-odor sensations is possible when each component 
of a composite odorous preparation correctly fits its respective receptor configuration, 
Similarly, by proper selection and blending of appropriate odiferous agents it is possible 
to obtain a composition in which masking or enhancement of one or more of the 
seven primary odors is achieved. Application of this ingenious theory, I believe, will 
ultimately make it possible to contribute patient-appeal features to even the most un- 
appealing, though elegant, galenicals. This will be more surely accomplished if it can 
be established that the sense of taste also involves a series of specific receptor con- 
figurations. Seemingly, the latter is a logical expectation, in view of the fact that taste 
and smell are so intimately related. 

The question comes to mind, then: Do you consider that the theory briefly outlined 
above may apply to animals and insects as well, and would, therefore, explain your 
findings which demonstrate that only compounds of a certain size act as pheromones 
and trigger a particular response in a particular species? In other words, in the animal 
and insect kingdoms is there a geometric configuration relationship dependency between 
receptor site and respective pheromone? 

You showed, Dr. Wilson, how a pioneering ant lays down a trail as it returns to the 
colony to alert the whole group of ants to the fact that a food source has been found. 
The group can then find its way toward and reach the food supply by simply following 
the scent laid down by the trailblazer. We know that in the human the sense of smell 
is easily fatigued. Is this not also the case with the ants? If it were, it would seem that 
as the ants traveled toward the food, guided only by the trailblazed scent, their percep- 
tion might gradually be dulled to the point that they ultimately would lose their way 
enroute and fail to reach their objective. Indeed, how do they manage to stay on the 
scent throughout a successful journey? Also, if each of three pioneers finds a different 
type food, is there a specific dissimilarity in the character of the three trails blazed back 
to the colony which subsequently enable each member of the colony to proceed toward 
any particular one of the three food sources according to individual preference? Or are 
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the three trails completely identical, with the result that each of the colony sets out for 
one or another of the discovered food sources indiscriminately ? 

Finally, you have demonstrated that insect species characteristically respond to con- 
centrations of certain odorous substances so infinitesimal as to make the extreme dilutions 
familiar to homeopathic medicine loom large in comparison. Does this capacity to: 
perceive, properly identify, and respond to pheromones in Yemarkably’ small quantities 
gradually develop to a point of maximum sensitivity, development being timed care- 
fully to coincide with a particular need of the insect to be’ attracted by a special 
pheromone? Or does the sensitivity “peak” at some stage in the otganism’s development 
and then simply remain in a stand-by status ready to function whén proper conditions 
for reception prevail? For example, the “17-year locust”—more properly, cicada—slowly 
develops over that period of time, Yet, immediately upon completion of such a pro- 
longed development process the cicada appears to be able correctly to’ sense thé’ location 
of the most suitable spot to partake of a foliage feast. This would seem to indicate that 
the pheromone-perception capacity must have been fully mature before emergence of 
the adult form. If such is, indeed, the case, might it not be possible to artificially offer 
the respective pheromone in proper concentration at an appropriate time in the course 
of the 17-year development period, thus “falsely” communicating information to the 
organism? Premature reception of this fake information might then adversely interfere 
with the normal sequential development process of the insect, the ultimate result being 
practical control of the cicada’s costly devastation of vegetation. Perhaps such an 
approach might effectively circumvent the need for the usual insecticidal techniques 
currently under fire due to publication of Rachel Carson’s grossly controversial “Silent 
Spring.” I will be pleased to have you candidly criticize the points I have presented. 

E. O. Wilson: Once again, I confess my ignorance of the physicochemical basis 
of olfaction. I don’t think anyone knows about the limitations of molecular size, There 
is no question, however, that the olfactory receptors of the insects are external, and 
are frequently adapted to respond to specific pheromones. I have mentioned the extreme 
example of the geometric isomers of bombykol. Butenandt found that one geometric 
isomer is 1012 or 101% times more efficient than the least active geometric isomer. 
Schneider (100) got negative EAG’s from saturniid antennae exposed to bombykol, so 
that the screening must be at the level of the receptor. These findings suggest that insect 
pheromones provide unusual opportunities for molecular biologists working on the 
physicochemical basis of olfaction. 

In answer to your second question, we have no evidence that fire ant workers dis- 
tinguish food finds, new nest sites, or recovered brood in the form or composition of 
the odor trails laid to these different classes of objects, Behavior seems to be identical 
in every case, and in experimental situations the responses did not differ even where 
there was a much larger quantity of food or a higher concentration of it. As long as 
the ant “chose” to lay a trail, it was essentially an all-or-none response. The quantitative 
communication involved was mass communication. That is to say, the number of ants 
laying the trai] was determined by the number of ants who found the food acceptable. 
More than 90% found one mole of sucrose acceptable, less than 10% found pure water 
acceptable, and the number of ants laying trails was accordingly determined. The number 
of ants Jaying trails determined the number of ants responding. Further, the trail fades 
out in about 100 seconds, so that the number of responders at a given moment in time 
can be nicely regulated. 

As to the ants’ ability to follow the trail despite sensory adaptation, insects do adapt 
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to smell. Wharton and Wharton (114) demonstrated a typical adaptation curve with 
reference to the percentage of male Periplaneta americana responding to female sex 
attractant. My subjective experience is that the same is true of fire ants following odor 
trails. Yet the ants have no great difficulty, and they show only a weak tendency to 
turn back short of the end of the trail (117), This paradox has been commented on by 
authors in the past with respect to dogs following trails. We can only guess that the 
zigzag motion of the follower animals, causing them to move on and off the trail 
repeatedly, significantly reduces adaptation. Finally, with reference to timing of meta- 
morphosis in cicadas, we may infer from information on better known insects that the 
process is primarily under endogenous endocrine control. 

F. C. Bartter: It might be appropriate to mention very briefly some results relat- 
ing hormonal activity to sensory threshold in man recently accumulated by Dr. Robert 
Henkin, The finding, in brief, is that in patients with Addison’s disease taste sensitivity 
is much greater than that in people without Addison’s disease. For example, median taste 
threshold in normal subjects for sodium chloride is 12 millimoles per liter, with a range 
of 6-60 millimoles per liter (Fig. A). The patients with Addison’s disease, on the other 
hand, can taste solutions a hundred times more dilute. The same holds for potassium 
chloride, sodium bicarbonate, sucrose, and urea. For hydrochloric acid the difference 
is even greater, so that the Addisonian can taste about 10,000 times as well as the 
non-Addisonian when hydrochloric acid is the substance in the test water. Incidentally, 
this increased sensitivity is not changed in the least with DOC or sodium-retaining 
steroids, but is easily reversed with carbohydrate-active steroids like prednisolone. 
There is some evidence that this pertains to the sense of smell as well, as perhaps one 
would expect. Those studies are still in progress. It is difficult to bring this to as pic- 
turesque an example as those you use, but you might say that this means that a girl 
can attract a man with Addison's disease with only 1/10,000 as much Chanel No. 5 
as she needs for a normal man. 

L. Van Middlesworth: How do the pioneer ants find their way back to the nest? 
Have you studied the receptor organs? 

E. O. Wilson: They find their way back to the nest by light-compass orientation. 
We did an experiment in which we kept the sole light source to one side of the feeding 
platform; we found, following the classical procedure, that when we suddenly switched 
the light source from one side to the other, trail-laying ants reversed their direction and 
headed away from the nest. The site of the receptors I have not investigated myself. 
This has not been investigated specifically in ants, but from what we know of other 
hymenopterans and on the basis of the early, crude experiments on ant olfaction by 
Adele Fielde in this country, olfaction is mediated primarily by antennal receptors. 
I think this is going to be found true generally of the insects. D. Schneider and J. Boeck 
[Z. vergleich. Physiol. 45, 402 (1962)] have just published an interesting electro- 
physiological study of the antennae of moths and beetles, in which they suggest that 
qualitative and quantitative differences of response among the numerous antennal 
sensilla might provide the code allowing the brain to discriminate odors, 

K. K. Carroll: I might mention an interesting example of chemical communication 
between hosts and its parasite which I worked on for some time [Nematologica 8, 164, 
197 (1958)]. This has to do with eel worms which will be familiar to people from 
Britain and Europe since they are a serious economic problem there, because they 
attack potatoes, sugar beets, and other crops. These microscopic organisms live in the 
roots of the host plant. The female, after fertilization, fills with eggs and the body 
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hardens and forms a sac which drops off into the soil. The eggs are relatively resistant 
to any kind of chemical treatment as long as they are in the sac, and they emerge from 
the sac in response to a chemical excreted by the host plant. These chemicals are fairly 
specific. The potato eel worm emerges in response to something from the potato root, 
the beet eel worm in response to something that comes out of the sugar beet root, and 
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Fic. A. Detection thresholds for taste in normal subjects and patients with Addison’s 
disease untreated for at least 3 days. Individual thresholds (dots), median values (bars) 
and range (rectangles) are shown. Dotted lines represent median values from literature. 


so on, As you mentioned in respect to other chemical attractants, the hatching factors 
are active at very low concentrations. To my knowledge, the structure of these sub- 
stances have still not been determined. I would have liked to continue the work on the 
problem, but since in America the potato eel is confined to Long Island, the authorities 
are not keen on having these organisms anywhere else on the continent. 

H. L, Bradlow: Did I correctly understand you that this form of chemical com- 
munication in ants is about as efficient as the dancing system that has been described 
for bees? 
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In connection with this alarm mechanism, can you exhaust the ability of an insect 
to respond to the alarm chemical by repeated applications, so that it simply does not 
respond any more? 

Finally, in connection with your information theory analogy, at these very low 
threshold levels is there a problem with a random noise, so that there is confusion in 
response to the chemical excitement? 

E. O, Wilson: The dance of the honey bee probably contains more information in 
sum. My analysis extended purely to the arrival of both bees and ants with respect to 
the target and hence I had two information components—direction and distance. The 
honey bees are also able to communicate quality by what the Germans call “Tanz- 
freudigkeit.” This is difficult to figure out. It has something to do with the liveliness of 
the dance, and I would judge from conversations with bee specialists that it really means 
amplitude of the abdomen waggle. Also, it has been pointed out that the bees sometimes 
bring in scents on their bodies which help the bees locate specific food sources. In addi- 
tion, it is reported that when honey bees arrive at the food source, they extrude the 
Nassanoff gland of the abdomen and release a scent (geraniol) in the air at the target 
site which helps orient the workers more precisely when they arrive in the vicinity of 
the target. 

Worker ants adapt to alarm substances as well as trail substances. 

Noise undoubtedly occurs but is unmeasurable by present methods. It probably plays 
a key role in speciation of some taxa, as I suggested for the Saturniidae. 

D. A. Denton: One of the problems which concerns us very much in Australia is 
that of shark attack. One of the theories which has been put forth is that the release of 
blood into the water may attract a shark. I am wondering whether you would care 
to comment on the feasibility of this from the point of view of diffusion, and, as a 
corollary, whether or not it could depend upon whether the release was deep in the 
water or on the surface, and the shark was cruising at a distance near the surface. 

E. O. Wilson: It is certainly feasible that there could be some attractant present 
in blood to which the sharks are very sensitive, so that a high Q/K ratio obtains; and 
if this is true we can expect a long-range effect, perhaps over miles, occurring within 
a matter of hours or even minutes. Your hypothesis is a most intriguing one. It should be 
a straightforward procedure to test blood components in shark orientation experiments. 
I am reminded of some work reported by T. Hosoi [J. Insect Physiol. 8, 191 (1959)] 
on the releaser of blood gorging by one of the mosquito species. Adenosine 5’-phosphates 
are evidently the main agents causing gorging. Possibly sharks orient over long distances 
by the Schwinck effect seen in moths, which permits an exceedingly low threshold. But 
it is difficult to see how sharks can judge currents in deep water in the absence of fixed 
reference points, if they rely on rheotaxis instead of chemical gradients. 


